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Abstract.  1 
  The temporal and spatial variations of the thermospheric mass density during a series of 2 
idealized substorms were investigated using the Global Ionosphere Thermosphere Model 3 
(GITM). The maximum mass density perturbation of an idealized substorm with a peak variation 4 
of hemispheric power (HP) of 50 GigaWatts (GW) and interplanetary magnetic field (IMF) Bz of 5 
-2 nT was ~14% about 50 min after the substorm onset in the nightside sector of the auroral zone. 6 
The mass density response to different types of energy input has a strong local time dependence, 7 
with the mass density perturbation due to only an IMF Bz variation peaking in the dusk sector 8 
and the density perturbation due to only HP variations peaks in the nightside sector. Simulations 9 
with IMF Bz changes only, and HP changes only showed that the system behaves slightly 10 
nonlinearly when both IMF and HP variations are included (a maximum of 6% of the non-11 
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2 
linearity), and that the non-linearity grows with energy input.  The neutral gas heating rate due to 12 
Joule heating was of same magnitude as the heating rate due to precipitation, but the majority of 13 
the temperature enhancement due to the heating due to precipitation occurs at lower altitude as 14 
compared to the auroral heating. About 110 min after onset, a negative mass density perturbation 15 
(~-5%) occurred in the night sector, which was consistent with the mass density measurement of 16 
the CHAMP satellite.  17 
1. Introduction 18 
  The mass density of the thermosphere is linearly proportional to the drag force that is felt 19 
by low-Earth orbiting objects. Uncertainties in thermospheric mass density variations are the 20 
major limiting factor for precise low-earth orbit determination/prediction at altitudes below about 21 
700 km [Marcos et al., 2010]. The perturbation of the thermospheric mass density is strongly 22 
controlled by the energy deposited into the upper atmosphere. The primary heating sources 23 
include solar radiation, Joule heating and particle precipitation, whereas the major cooling 24 
sources of the upper atmosphere include infrared radiative emissions by nitric oxide and heat 25 
conduction [Roble et al., 1987]. Geomagnetic energy, which includes both the Joule heating and 26 
particle precipitation, contributes about 20% of the total energy input to the upper atmosphere 27 
during quiet conditions, but can increase to 67% of the total energy during geomagnetic storms 28 
[Knipp et al., 2004]. 29 
 Changes in the thermospheric mass density include long-term, seasonal and storm time 30 
variations. The long-term thermospheric mass density follows the 11-year solar cycle, which has 31 
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been investigated in detail by Keating et al. [2000]; Emmert et al. [2004, 2010]; Marcos et al. 32 
[2005], Solomon et al. [2011] and references therein. The thermospheric mass density exhibits a 33 
strong seasonal variation, with maxima near the equinoxes, a primary minimum during northern 34 
hemisphere summer, and a secondary minimum during southern hemisphere summer [e.g. Qian 35 
et al., 2009 and A et al., 2012]. The time scale of the storm time variation of the thermospheric 36 
density is much smaller compared to the long-term and seasonal variations, and has a large 37 
impact on satellite orbital determination, but predicting geomagnetic storms is extremely 38 
challenging [e.g. Valdivia et al., 1996; Wu and Lundstedt, 1996].   39 
During geomagnetic storms, the thermospheric temperature increases due to heating due 40 
to precipitation and Joule heating (e.g., Volland, [1979]; Fuller-Rowell and Rees, [1981]; Roble 41 
et al., [1982]). The behavior of the thermospheric composition during a storm is more 42 
complicated: Heavier species such as Ar and N2 increase during the storm, whereas lighter 43 
species, such as helium, decrease [Prölss 1981]. Liu et al. [2014] investigated the altitude 44 
variation of the mass density perturbation during a geomagnetic storm using the Naval Research 45 
Laboratory Mass Spectrometer Incoherent Scatter Radar (NRL-MSIS) [Picone et al., 2002] 46 
model along with satellite measurements, and found that the mass density perturbation is not 47 
only affected by the temperature, and therefore scale height enhancement, but is also strongly 48 
modified by the species ratios in the thermospheric composition transition region. Thayer et al. 49 
[2012] showed that the mass density response to a geomagnetic storm during solar minimum is 50 
modified by the ratio of oxygen and helium at the altitude of the Gravity Recovery and Climate 51 
Experiment (GRACE) satellite [Tapley et al., 2004].  52 
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Clausen et al. [2014] used 5 years of Challenging Minisatellite Payload (CHAMP) 53 
satellite [Reigber et al., 2002] data to study the mass density perturbations during substorms. 54 
Through a superposed epoch analysis of 2306 substorms, they found that the mass density 55 
perturbation peaks at about 6% ~90 min after the substorm onset and about 3 hours of local time 56 
east of onset region. Ritter et al. [2010] used data from the CHAMP satellite to estimate the mass 57 
density response to substorms at 400 km. They report that the mass density enhancement is about 58 
4% to 15% in the polar region. The statistical studies of CHAMP density measurements by 59 
Clausen et al. [2014] and Ritter et al. [2010] provides a sense of how much thermosphere density 60 
perturbation is expected during a substorm. However, due to the limited parameters that the 61 
satellite can measure, it is hard to picture the whole physical process of how the upper 62 
atmosphere responds to a substorm. Simulating substorms in a physics-based model, such as the 63 
Global Ionosphere Thermosphere Model (GITM) model, can help us to better understand where 64 
the energy is deposited in the upper atmosphere and how the temperature, composition and 65 
density changes, given the energy input. 66 
    The motivation of this study was to investigate the spatial and temporal variation of the 67 
thermospheric mass density during different substorms and to investigate the difference in the 68 
mass density response to different sources of energy input using GITM simulations. This work is 69 
similar to Clausen et al. [2014], who used CHAMP data to investigate substorms, while this 70 
study used a global model. 71 
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2. GITM and model inputs 72 
GITM uses a three-dimensional altitude-based spherical grid and does not assume a 73 
hydrostatic solution, which enables the model to capture physics in the high-latitude region with 74 
a more complete momentum equation [Ridley et al., 2006]. The ion momentum equation is 75 
solved assuming steady-state, taking into account the pressure gradient, gravity, neutral winds, 76 
and external electric fields. GITM allows different models of high-latitude electric fields and 77 
auroral particle precipitation, but for this study, the Weimer [2005] electric potentials and Fuller-78 
Rowell and Evans [1987] auroral precipitation patterns were used. The interplanetary magnetic 79 
field (IMF), solar wind and hemisphere power (HP) were used to drive these models. The 80 
resolution of the GITM simulation was set to 5° in longitude and 2.5° in latitude for this study. 81 
GITM was run for two days before the time period discussed here to allow a roughly diurnally 82 
repeatable pattern to form in the thermosphere. The start of the simulation presented here (i.e., at 83 
-2:00 epoch time) was at 00:00 UT on March 21.  84 
GITM is a model of the ionosphere and thermosphere, and does not include self-85 
consistent magnetospheric dynamics.  Therefore, to simulate the thermospheric and ionospheric 86 
reaction to a substorm, the high-latitude drivers have to be altered in a non-self-consistent way, 87 
which is obviously an approximation to an actual substorm. In order to do this so that the results 88 
can be compared with the Clausen et al. [2014] study, similar solar and geomagnetic drivers as 89 
their superposed epoch results were used in this study. These drivers were derived from the 90 
superposed epoch analysis of all the geomagnetic conditions during 2306 substorms between 91 
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January 2001 and December 2005. Figure 1 shows the time history of the interplanetary 92 
magnetic field (IMF) z-component (i.e., Bz), auroral activity (i.e., hemispheric power, or HP) 93 
and F10.7. The x-axis of Figure 1 indicates the substorm epoch time, where 00:00 epoch time 94 
represents the onset of the substorm expansion phase.  Before 00:00 epoch time, the IMF Bz was 95 
slightly negative, representing the growth phase of the substorm.  At approximately 00:20, the 96 
substorm peaked in intensity, as evidenced by the maximum hemispheric power, after which, the 97 
substorm lessened in intensity and entered the recovery phase. 98 
Based on the superposed epoch variations of the IMF Bz and the HP during the 99 
substorms used in the study of Clausen et al. [2014], five prototypical substorms with different 100 
combinations of IMF Bz and HP were simulated in this study. For Substorm 1, the IMF Bz 101 
shown in Figure 1a started to decrease an hour before the substorm onset, reaching a minimum 102 
value of -0.5 nT at -00:25 epoch time, and then recovered back to the pre-substorm condition at 103 
01:20 epoch time. The HP in Figure 1b started to increase at the substorm onset and reached its 104 
maximum of 30 GW at 00:20 epoch time, and then recovered back to the pre-substorm condition 105 
at 02:00 epoch time. For the other 4 substorms, the IMF Bz and HP indices had the same 106 
temporal characteristics as that of Substorm 1 but with different peak values. The IMF Bz was 107 
set to 0 nT and HP was 20 GW for the pre- and post- substorm conditions.  The IMF Bx and By 108 
were set to -2 nT and 2 nT (i.e., Parker Spiral conditions) for all the simulations. The F10.7, 109 
shown in Figure 1c, was set to 130 solar flux units (SFU) during the entire substorm interval, 110 
which represented a low to moderate level of solar radiation at the top of the atmosphere. Further, 111 
a sixth simulation was conducted with constant values equal to the pre-substorm conditions. This 112 
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simulation was used as a baseline case, so the model results could be compared and perturbations 113 
from the substorm only could be calculated.  114 
The geomagnetic parameters of Substorm 3 were close to the median values of the 115 
superposed epoch results in Clausen et al. [2014], so for the following description, the 116 
simulation of Substorm 3 is presented in detail to describe the spatial and temporal variation of 117 
the thermospheric mass density response to the substorm.  118 
3 Model simulations and observations      119 
 To represent the intensity of the mass density response to each substorm, the 120 
thermospheric mass density perturbation during the substorm was calculated as 𝛿𝜌 = 𝜌𝑆𝑆−𝜌𝑁𝑜𝑆𝑆
𝜌𝑁𝑜𝑆𝑆
 121 
x100%. Where 𝜌𝑆𝑆 was the thermospheric mass density during the substorm, while 𝜌𝑁𝑜𝑆𝑆 was 122 
the mass density of the run with no substorm. Figure 2 shows the spatial variation of the 123 
thermospheric mass density perturbation between 40°N and 90°N at ~400km during Substorm 3 124 
at a 10 minute cadence from 70 min before the substorm onset to 220 min after the substorm 125 
onset.  126 
      As illustrated in Figure 2, the mass density perturbation is 0% up until -60 min, which 127 
indicates that there was no mass density disturbance before the IMF Bz changed. An 128 
enhancement of the mass density, responding to the decrease of the IMF Bz during the pre-129 
substorm time period, was observed after -60 min. The enhancement of the mass density caused 130 
by the IMF Bz occurred over all local time sectors, but the enhancement was larger on the day 131 
side than on the night side. At -10 min and 0 min, a second peak showed up in the dusk sector, 132 
This article is protected by copyright. All rights reserved.
LIU ET AL.: THERMOSPHERE MASS DENSITY RESPONSE TO SUBSTORM 
 
8 
which also was associated with the IMF change. As the substorm onset began (i.e., after 0 min), 133 
the mass density responded quickly to the HP enhancement, and the perturbation in mass density 134 
caused by the increase in aurora occurred over the entire polar region with the maximum 135 
enhancement (14%) located on the nightside about 50 min after substorm onset. The perturbation 136 
then started weakening an hour after the substorm onset, and the density perturbation propagated 137 
to lower latitudes as a traveling atmospheric disturbance (TAD). During the recovery phase of 138 
the substorm from 110 min, a negative mass density perturbation occurred on the nightside 139 
(~00:00-03:00 LT), which indicates that the mass density was lower during the recovery phase 140 
than it would have been if no substorm had occurred.  141 
In order to investigate the local time dependence of the mass density perturbation during 142 
the substorm, Figure 3 shows the average mass density perturbation as a function of epoch time 143 
during Substorm 3 in the auroral zone between 65°N and 75°N in four isolated local time sectors: 144 
(a) 03:00-09:00 LT, (b) 09:00-15:00 LT, (c) 15:00-21:00 LT, (d) 21:00 -03:00 LT. Figure 3e 145 
shows the average mass density perturbation over the entire polar area between 65°N and 75°N. 146 
The vertical dashed line indicates the onset of the substorm expansion phase. As illustrated in 147 
Figure 3, the mass density response to the IMF Bz change and the HP change had different 148 
features in their local time dependence. The perturbations before the substorm onset were caused 149 
by the IMF Bz change while the perturbations after zero epoch time were mainly due to the 150 
auroral enhancement. The mass density perturbation due to the IMF Bz variation was largest in 151 
the 15:00-21:00 LT (dusk) sector and minimum in the 03:00-09:00 LT (dawn) sector, while the 152 
mass density perturbation due to the HP enhancement maximized in the 21:00-03:00 LT 153 
This article is protected by copyright. All rights reserved.
LIU ET AL.: THERMOSPHERE MASS DENSITY RESPONSE TO SUBSTORM 
9 
(nightside) sector, with a secondary maximum in the 03:00-09:00 LT (dawn) sector and a 154 
minimum in the 15:00-21:00 LT (dusk) sector. A significant depression of the thermospheric 155 
mass density during the recovery phase was observed in the 21:00-03:00 LT (nightside) sector 156 
about 2 hours after the substorm onset. The negative phase lasted for about 1.5 hours before it 157 
recovered back to pre-substorm conditions. The thermospheric mass density perturbation had the 158 
largest peak-to-peak oscillation on the nightside during the substorm as shown in Figure 3d. 159 
As observed in Figure 2, a traveling atmospheric disturbance, or in situ generated large 160 
scale gravity wave was created as a result of this energy input. Figure 4 shows the mass density 161 
perturbation of Substorm 3 as a function of latitude and epoch time at 03:00 local time, similar to 162 
what an orbiting satellite would observe. As illustrated in Figure 4, a density enhancement of 163 
~5%, caused by the IMF Bz variation, occurred in the high latitude region about 30 min before 164 
the storm onset. This was followed by a stronger mass density perturbation (>10%), which 165 
maximized in the auroral zone, and was caused by the auroral increase after the substorm onset. 166 
The density enhancement propagated from the auroral zone in both polar regions towards the 167 
equatorial regions as time elapsed.  In addition, in the northern hemisphere, a TAD was observed 168 
to propagate poleward, away from the auroral oval, which is consistent with the results reported 169 
by Bruinsma and Forbes [2009] using the CHAMP satellite observations. The density 170 
enhancement arrived in the equator region about 3 hours after the substorm onset, which 171 
corresponded to a TAD propagation speed of about 600±120 m/s, which is also consistent with 172 
the result of Bruinsma and Forbes [2009]. As the density perturbation propagated to lower 173 
latitudes, the density perturbation in the auroral zone become negative between 01:30 and 03:20 174 
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epoch time, then recovered back to a positive mass density perturbation. The strong negative 175 
perturbation was only observed in the ~03:00 local time sector. 176 
4. Discussion 177 
4.1 Thermosphere mass density depression during the post-substorm period 178 
     In the statistical results of Clausen et al. [2014], there was no negative density 179 
perturbation observed on the nightside, as was observed in the GITM results. In order to tell 180 
whether this collapsing of the atmosphere ever happens after a substorm, the thermospheric mass 181 
density measured by the CHAMP satellite during two substorms during October 2003 was 182 
investigated. This time period was studied because the CHAMP satellite was at 03:00 LT, and 183 
the F10.7 index (~ 130 SFU) was close to the F10.7 input used in the GITM simulations. Besides 184 
these considerations, the substorms were chosen at random. Figures 5a and 5b show the 185 
latitudinal variation of the CHAMP mass density normalized to 400km during four satellite orbit 186 
periods (~ 4x92 min). Figures 5c and 5d show the AE index as a function of universal time 187 
during these periods. The thick black lines show the variation of the density (top plots) and AE 188 
index (bottom plots) before the substorm onset, the thick purple and red lines are times during 189 
the substorm and the thick yellow lines indicate times after the substorm. During the 04:00-10:00 190 
UT, Oct 4, 2003 substorm (left plots), the AE index shown in Figure 5c was about ~100 nT 191 
before the substorm onset. The corresponding mass density is shown as the black line in Figure 192 
5a. The AE index increased to about 450 nT during the substorm expansion phase and the mass 193 
density marked in purple indicates that there was no response to the substorm yet (at high 194 
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latitudes), since there may not have been time for the heating to have occurred and the 195 
atmosphere to have expanded. During the next pass (red line), an hour after the peak in the 196 
substorm, the mass density had increased at high-latitudes, but had decreased at mid-latitudes, 197 
similar to the GITM results. The AE index decreased to ~100 nT after the substorm (yellow line), 198 
and mass density indicated by the yellow line decreased below the density before the storm onset 199 
at mid-latitudes, which suggests a negative mass density perturbation during the recovery phase 200 
at 03:00 LT. This result from the satellite measurement is consistent with the GITM simulation 201 
shown in Figure 2. The right panels of Figure 5 display another substorm during 10:00-15:00 UT, 202 
Oct 4, 2003. Figure 5b also suggests a negative mass density perturbation in the mid-latitude 203 
region just after the substorm. Note that these two substorms occurred consecutively, so the pre-204 
substorm density of the second substorm may not have totally recovered back to quiet condition 205 
from the previous substorm.  206 
Compared to the model simulations, the latitudinal variation of the mass density from the 207 
satellite measurements shows a much more complicated structure at low latitudes, which requires 208 
further investigation in future studies. It is unclear why the density at low latitudes decreased 209 
below the density observed before the substorm, and whether the density behavior in the 210 
CHAMP measurements at low latitudes was even tied to the substorm.  The main point that is 211 
suggested here is that at high- and mid-latitudes, the CHAMP-observed density can decrease 212 
below the pre-substorm value, similar to what was observed in the simulation.  It is clear from 213 
the statistical results of Clausen et al. [2014], that, on average, this does not happen. It points to 214 
the need to understand why sometimes the atmosphere collapses after energy input, but 215 
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sometimes it does not.  It should be noted, though, that the mean substorm in the Clausen et al. 216 
[2014] study was quite small compared to the substorm simulations that have negative 217 
perturbations.  The depth of the negative perturbation appears to be related to the strength of the 218 
positive perturbation. 219 
Lei et al. [2012] reported on the behavior of the thermospheric mass density during the 220 
Oct 30, 2003 geomagnetic storm as observed by the CHAMP and GRACE satellites. The 221 
measurements indicated that the mass density recovered rapidly and eventually decreased below 222 
the quiet time density during the pre-storm period. Their explanation of this ‘overcooling effect’ 223 
was that the time for the nitric oxide (NO) density to recover to a quiet time level was longer 224 
than the response time of the rest of the thermospheric densities. Since NO is one of the main 225 
coolers of the thermosphere, if NO created during the storm lingers, the thermosphere would 226 
reach a different, cooler energy equilibrium than the equilibrium that existed before the storm. In 227 
the case of the reduced mass density in the thermosphere during the recovery phase of the 228 
substorm in this simulation, the negative mass density perturbation at ~03:00 LT occurred at a 229 
substorm epoch time of 110 min, and the mass density perturbation at this location recovered 230 
back to positive values approximately 200 min after the start of the substorm. For such a short-231 
term oscillation of mass density perturbation in this study, the driver is most likely not NO. It 232 
should also be noted that, statistically, Clausen et al. [2014] did not observe a negative density 233 
perturbation in the 03:00 LT sector. It is unclear why some substorms would show this negative 234 
perturbation while others would not.  235 
4.2 Dependence of the mass density perturbation on different types of energy input 236 
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      As documented in the previous section, the mass density perturbation had a strong local 237 
time dependence because the thermospheric response to different types of energy was different. 238 
Figure 6 shows the mean of the mass density perturbation in the auroral zone (i.e. between 65°N 239 
and 75°N) as a function of substorm epoch time for the 5 different substorms. The maximum 240 
average mass density perturbations in auroral zone for Substorm 1 to 5 were 2.1%, 3.5%, 6%, 8% 241 
and 10%. There were two “peaks” of the mass density perturbation as a function of epoch time: 242 
the “peak” before the substorm onset, which was associated with the IMF Bz enhancement, and 243 
the larger peak at ~ 40 min epoch time, which was associated with the auroral energy input 244 
increase. The density peak occurred 20 minutes after the peak hemispheric power energy input 245 
during the substorm. 246 
 In order to study the relationship of the mass density response to different sources of 247 
energy input, the amount of the density perturbation due to each source of energy input was 248 
calculated. In the case of the IMF variation, the high latitude electric field (and therefore ion flow) 249 
was altered. Because ion flows alter the electron density through advection, changing the electric 250 
field also altered the electron density. When the hemispheric power was varied, the electron 251 
density in the ionosphere was altered through the increased ionization rate. Because the electron 252 
density was altered, the gradients in pressure were also altered, which could have changed the 253 
ion flow velocities also, but this would be an extremely small effect. For the substorms described 254 
so far, the electric field changed first, then the aurora and ionization changed. Simplistically, one 255 
can think of these two changes as altering different terms in the ion-neutral frictional heating (i.e., 256 
the velocity difference and the electron density). Because this was a highly idealized numerical 257 
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study, it was possible to completely separate the two energy sources. Five additional simulations 258 
were run with simply the IMF change and no auroral (or HP) change. Five more simulations, 259 
beyond those, were run with the auroral change, but no IMF change. The thermospheric mass 260 
density response to each of these was then investigated. Figure 7 shows the zonal and latitudinal 261 
average mass density perturbation over the entire auroral zone for Substorms 1-5. The red line in 262 
each plot in Figure 7 indicates the density perturbation when both the HP and Bz variation were 263 
included (the same as in Figure 6). The blue line indicates the density perturbation that resulted 264 
from running the simulations with only the HP variation, with the variation in Bz not included. 265 
The black line indicates the density perturbation that resulted from running the simulation with 266 
only the Bz variation, with the variation in HP not included. The green line indicates the density 267 
perturbation that equals the sum of blue and black lines. In Figure 7a and 7b, the red line almost 268 
completely overlaps the green line, which indicates that the mass density perturbation due to 269 
both the IMF Bz and HP drivers together was quite similar to the sum of the density 270 
perturbations with HPI and Bz driven separately. This suggests the mass density response to the 271 
IMF Bz and HP inputs are nearly a linear system, during Substorm 1 and 2. If these changes 272 
were completely uncorrelated with each other, with heating from one type of event occurring in a 273 
different location than the heating from the other type of event, one would expect perfect 274 
“linearity”, meaning that the average density change from one type of heating added to the 275 
average density change from the other would be the same as the average density change if both 276 
types of heating occurred at the same time.  As the energy deposited into the upper atmosphere 277 
increased in Substorms 3 to 5, the mass density response to the different types of energy inputs 278 
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remained nearly linear, except near the peak of the hemispheric power input between 00:00-279 
01:00 epoch time. The “non-linearity” of the mass density response to the energy was calculated 280 
by exploring the percentage difference 𝜌(𝐻𝑃+𝐼𝑀𝐹)−(𝜌𝐻𝑃+𝜌𝐼𝑀𝐹)
max (𝜌𝐻𝑃+𝜌𝐼𝑀𝐹) ∗ 100%. Figure 7e shows the non-281 
linearity of the mass density response to the different energy inputs for Substorms 1-5. The non-282 
linearity of the mass density response for Substorm 1 and 2 was less than 2%, and the non-283 
linearity increased as the driving energy increased. The non-linearity of the mass density 284 
response was about 6% for Substorm 5.  As described above, the auroral variations tended to 285 
cause heating more on the nightside, while the IMF variations tended to cause more heating on 286 
the dayside and around dawn and dusk.  Therefore, one would expect mostly a “linear” 287 
relationship, with little correlation between the two, as is observed.  In the overlap region, though, 288 
where both the IMF and auroral variations caused heating, the IMF heating altered the state of 289 
the thermosphere and ionosphere, which altered the heating that resulted from the auroral inputs, 290 
making a non-linear relationship between the processes, where having both IMF and auroral 291 
changes caused a larger average heating than the two processes independent of each other. 292 
 Figure 8 illustrates that when the hemispheric power (only) was increased in the 293 
simulation, the Joule heating was also increased. This is because the HP increased the ionization 294 
and, therefore, the electron density. Since there was a pre-existing, stationary, electric field 295 
structure with-in the high latitude region, the Joule heating increased. In the specific cases 296 
described here, the resultant Joule heating was less than the hemispheric power, but this is most 297 
likely due to the weak driving in the background conditions (i.e., the constant zero IMF Bz drove 298 
a weak electric field). If the high latitude electric field were significantly larger, increasing the 299 
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hemispheric power would result in a significantly larger Joule heating increase. For substorm 3, 300 
for example, when 30 giga-watt hours (GWh) of energy was added to the system in the form of 301 
auroral precipitation, approximately 15 GWh of additional energy was added in the form Joule 302 
heating, resulting in 45 GWh of total energy added. In the real magnetosphere-ionosphere system, 303 
this relationship is not so simple, since increased precipitation sometimes results in reduced 304 
electric fields in the precipitation regions and faster flows outside of this region [e.g. Lu et al., 305 
1995, Paschmann et al., 2002, Thayer and Semeter, 2004, Lotko, 2007]. The Joule heating, a 306 
mixture of the conductance and electric field is then quite complicated. 307 
   Figure 9 compares the hemispherically integrated perturbed energy (i.e. Joule heating 308 
plus hemisphere power) in GWh deposited into the upper atmosphere during Substorm 1 to 309 
Substorm 5 with the associated peak value of the mean mass density perturbation over the 310 
substorm period in the auroral zone at 150, 200, 300 and 400 km altitude. Only the hemispheric 311 
power variations were included in the simulations in Figure 9a, while only the variations in the 312 
IMF were included in the simulation in Figure 9b. Finally, Figure 9c shows the results of the 313 
simulations with both HP and IMF Bz variations included. As illustrated in Figure 9, the slope of 314 
the mass density perturbation versus energy input was larger at high altitudes than at low 315 
altitudes, which suggests that the thermosphere mass density at higher altitudes is more sensitive 316 
to the energy input. The mass density response to a single type of energy input (either by the HP 317 
or IMF Bz input) was closer to linear as shown in Figure 9a and 9b compared to the figure 9c. 318 
The mass density response to the combination of the HP and IMF Bz input is not perfectly linear, 319 
especially at 300 and 400 km.  320 
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Comparing Figures 9a and 9b, for the same energy amount of input, but in different form, 321 
the mass density perturbation caused by the HP variation (9a) was more significant than that 322 
caused by the IMF Bz enhancement (9b). Furthermore, the change of the mass density 323 
perturbation with altitude is larger for the same the Joule heating energy input caused by HP 324 
enhancement (Figure 9a) than that caused by the IMF Bz enhancement (Figure 9b). For example, 325 
for the same 60 GWh energy deposited into the upper atmosphere, the mass density perturbations 326 
were ~1.8% at 150 km and ~5.5% at 400 km for the HPI only simulation, whereas the mass 327 
density perturbation was ~0.9% at 150 km, ~3.2% at 400 km for the Bz only simulation. Clausen 328 
et al. [2014] reported that in order to produce a mass density increase of about 4% at the satellite 329 
altitude of 400 km, an energy deposition rate of 30 GW should be applied for 1.5 hours, which is 330 
45 GWh total energy input.  As shown in Figure 9c from the GITM simulations, when 331 
approximately 60 GWh of total energy was deposited into the upper atmosphere, the 332 
thermospheric mass density perturbation was increased by about 4% at 400 km. This shows that 333 
the energies are roughly consistent, but GITM needed about 33% more energy than the Clausen 334 
et al. [2014] estimate. It should be noted that the Clausen et al. [2014] study did not include 335 
chemistry or horizontal advection, since it was a 1D simulation, while GITM included 336 
thermodynamic terms such as advection and adiabatic cooling, which could account for the 337 
difference. 338 
The estimation by Ahn et al. [1983] was that 20% of the total energy input was due to the 339 
particle precipitation, leaving about 80% to Joule heating. From Figure 9c, during Substorm 3, 340 
the total energy input to the upper atmosphere was about 102 GWh, with particle precipitation 341 
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about 30 GWh and Joule heating about 72 GWh. From the estimation results, the particle 342 
precipitation was about 30% of the total energy input. The ratio changed as a function of the 343 
strength of the electric field, since with a strong electric field, with a small increase in 344 
hemispheric power, the Joule heating can increase dramatically. 345 
From Figure 9, the thermospheric mass density response was dependent on the type of 346 
energy input. In order to understand why this might be the case, the temporal response of the 347 
upper atmosphere during Substorm 3 was investigated further. The altitude variation of the 348 
temperature enhancement, the mass density perturbation, the enhancement of the Joule heating 349 
energy, and neutral gas heating rates due to Joule heating, auroral heating and chemical heating 350 
were contoured as a function of altitude and substorm epoch time in Figure 10. The white dashed 351 
vertical line indicates the substorm onset. The changes of the parameters before the white dashed 352 
line were caused by the IMF Bz variation and the changes of the parameters after the white line 353 
were mainly due to the HP variations. As illustrated in Figure 10a, the temperature perturbations 354 
were almost uniform with height above about 250 km. The maximum temperature enhancement 355 
caused by the IMF Bz was about 12 K. The maximum temperature enhancement after the HP 356 
increase was about 18 K. The corresponding density perturbations increased with altitude shown 357 
in Figure 10b, which is consistent with the studies by Thayer et al. [2012] and Liu et al. [2014], 358 
who concluded that the mass density increased with altitudes below the oxygen/helium transition 359 
because the mass density is an integral of all the density scale height change below, and the 360 
density scale height below the oxygen/helium composition transition region is mainly 361 
determined by the temperature change during a heating event. As shown in Figure 10b, there was 362 
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a density enhancement before the substorm onset due to the IMF Bz variation. During the 363 
substorm, a more significant density perturbation was caused by the auroral variations, which 364 
corresponded to a larger temperature enhancement after the substorm onset shown in Figure 10a.  365 
The maximum density perturbation was about 8% at 600 km. Note that there was a slight 366 
negative mass density perturbation during the substorm recovery phase, especially below 200 km.  367 
As shown in Figure 10c, the Joule heating energy perturbation due to the HP increase 368 
(after 00:00 epoch) was larger than that due to the IMF Bz enhancement (before 00:00 epoch). A 369 
lower Joule heating energy compared to the no substorm simulation occurred during substorm 370 
recovery phase (i.e., the Joule heating energy was negative). The possible explanation for this 371 
phenomenon was that the O/N2 ratio decreased during the substorm due to the atmospheric 372 
expansion, which caused the total electron density to decrease compared to the no substorm case, 373 
which subsequently led to the Joule heating decrease. Most of the Joule heating energy was 374 
deposited between 100-150 km, but, as shown in Figure 10d, the neutral gas heating rate due to 375 
Joule heating was larger at higher altitudes than at lower altitudes because the mass density 376 
decreased exponentially with height [e.g. Bank and Cockarts, 1973]. If the transport of energy is 377 
excluded from consideration, the main sources and sinks for the thermospheric heating 378 
enhancement during the substorm include the Joule heating (Figure 10d), auroral heating (10e), 379 
chemical heating (10f), heat conduction (not shown), and radiative cooling (not shown). It should 380 
be noted that each of these were shown with different scales, with the Joule heating being largest 381 
by almost a factor of two. The auroral heating being next largest, and the chemical heating scale 382 
being smaller than the Joule heating scale by almost a factor of 10. As illustrated in Figure 10d, 383 
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the neutral gas heating rate due to Joule heating increased during both the IMF Bz and HP 384 
enhancement. The enhancement of the IMF Bz altered the electric field, while the increase of the 385 
HP caused the enhancement of the electron density in the upper atmosphere as described above. 386 
However, the heating rate enhancement was larger during the IMF Bz variation than that during 387 
the HP change. During the substorm, as the aurora increased, the electron density was most 388 
strongly perturbed in the E-region, which resulted in significantly increased Joule heating energy 389 
deposition in this region. The F-region electron density was not strongly affected, so the neutral 390 
gas heating rate due to Joule heating, were not greatly affected in F-region. So, during the 391 
substorm, the majority of the temperature enhancement due to the Joule heating occurred low in 392 
the thermosphere. After the substorm, the neutral gas heating rate became negative, indicating 393 
that it was lower than the neutral gas heating rate in the background simulation.  Since the 394 
electric fields were the same between the background and substorm simulations after the 395 
substorm, the main reason that the neutral gas heating rate would be different in the substorm run 396 
would be because of a change in the ion/electron density.  As described above, large electric 397 
fields on the nightside can drive downward flows of the ions, which reduce the density.  This 398 
would reduce the neutral gas heating rate, causing a lower temperature after the substorm.  399 
The auroral heating rate, shown in Figure 10e, increased significantly after the substorm 400 
onset because the enhancement of the HP increased the particle precipitation. The enhancement 401 
of the auroral neutral gas heating rate decreased as altitude decreased because of the mass 402 
density dependence on the heating rate. The majority of the energy was deposited in the E-region, 403 
but the temperature increase was largest at higher altitudes. As shown in Figure 10f, before the 404 
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substorm onset, the chemical heating rate increased slightly due to the IMF Bz increase, and the 405 
chemical heating rate increased significantly after the substorm onset when the HP increased. 406 
The chemical heating peaked at about 300 km. The recombination rate in the E region was 407 
higher than in the F region, hence more heat was release at the low altitude, but due to the lower 408 
heat capacity at higher altitude, the temperature enhancement was larger at higher altitude. The 409 
enhancement of the chemical heating was about an order of magnitude smaller than the (peak) 410 
enhancement of the neutral gas heating rate due to Joule and auroral heating. The radiative 411 
cooling rate variation, which was not shown in this figure, was about an order magnitude smaller 412 
than the chemical heating rate variation. The main cooling in the high latitude region was caused 413 
by three things: (1) advection of the heating out of the region to lower latitudes; (2) adiabatic 414 
cooling due to the divergence of wind away from the high-latitudes; and (3) conduction of the 415 
heat from the upper thermosphere to the cooler lower thermosphere. 416 
In order to further understand how the changes of the energy heating rates affect the 417 
temperature variation during the substorm, Figure 11a shows the temperature enhancement at 418 
150 km and 500 km as a function of the substorm epoch time. The temperature increased due to 419 
IMF Bz variations about 1 hour ahead of the substorm onset and the temperature enhancement 420 
peaked around 1 hour epoch time, which lagged behind the HP peak by about half an hour. The 421 
temperature enhancement during the substorm at 500 km was about two times the temperature 422 
enhancement at 150 km, and the temperature enhancement had more fluctuation at 500 km than 423 
at 150 km due to the variation of the heat conduction (not shown here). Figure 11b shows the 424 
sum of the main energy heating rate (JouleHeatingRate+ AuroraHeatingRate + 425 
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ChemicalHeatingRate – RadiativeCooling) in the unit of K/s. There were two peaks in the upper 426 
atmospheric heating rate corresponding to the two types of energy input (IMF Bz and HP). The 427 
values of these two peaks were more comparable at 500 km than at 150 km, which indicates that 428 
the heating of the atmosphere due to the IMF Bz variation was much smaller than that due to the 429 
HP at 150 km, while the heating of the atmosphere due to IMF Bz and HP variations were closer 430 
to each other at 500 km. Note that if the heat conduction, horizontal and vertical advection, and 431 
adiabatic cooling were included, the heating rate calculation in the Figure 11b would be 432 
significantly less than what was shown in Figure 11b and would become negative after 01:00 433 
epoch time, indicating that cooling was overwhelming the heating after 01:00, which caused the 434 
temperature enhancement to decrease as shown in Figure 11a. 435 
5. Summary 436 
     The spatial and temporal variations of the thermospheric mass density during a series of 437 
different idealized substorms  were studied using the Global Ionosphere Thermosphere Model. 438 
From these simulations, the following conclusions were made:  439 
• For the substorm with a peak hemisphere power enhancement of 50 GW and peak IMF 440 
Bz variation of -2 nT ( close to the median value of the results in Clausen et al. [2014] ), 441 
the corresponding peak mass density perturbation from GITM simulation was ~14% 442 
about 50 min after the substorm onset. The maximum peak density occurred in the 443 
nightside sector of the auroral zone. With similar hemisphere power and IMF Bz 444 
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enhancement, the peak mass density perturbation from CHAMP measurement was about 445 
6% by the study of Clausen et al. [2014]. 446 
• The mass density response to the IMF Bz and auroral inputs had a strong local time 447 
dependence. The mass density perturbation due the IMF Bz variation peaked in the 448 
15:00-21:00 sector while the density perturbation due to HP input peaked at the 21:00-449 
03:00 sector. 450 
• During the substorm recovery phase, a negative mass density perturbation(~ -5%) 451 
occurred on the night in an isolated region. The lower mass density in post-substorm 452 
period was shown to exist in at least two substorms measured by the CHAMP satellite 453 
during October  2013. These were the only substorms explored, and both showed the 454 
reduced density, although the Clausen et al. [2014] study did not statistically show a 455 
decreased density in this region. It is unknown why this discrepancy exists.  456 
• The mass density perturbation due to both the IMF Bz and HP variations together was 457 
similar to the sum of the density perturbations with HP and Bz variations considered 458 
separately, which suggests the mass density response to the IMF Bz and HP energy 459 
inputs were almost linear, or, were not correlated during the substorm. The non-linearity 460 
of the mass density response to different energy input for these 5 substorm was less than 461 
6%, but grew with the amount of energy. It may very well be that the system becomes 462 
highly nonlinear during extended energy input periods, such as during storms. 463 
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• The neutral gas heating rate due to Joule heating and the auroral heating rate were similar 464 
magnitudes but had different altitude distributions, with the auroral heating occurring 465 
higher in the atmosphere than the Joule heating. The temperature enhancement started to 466 
decrease about 20 minutes after the peak in the substorm due to the combination effect of 467 
all the heating rates changes and the heat conduction, horizontal and vertical advection, 468 
and adiabatic cooling process.  469 
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Figure Captions: 
Figure 1. The variations of (a) IMF Bz (nT), (b) hemispheric power (GW) and (c) F10.7  (SFU) as 
a function of substorm epoch time during Substorm 1 to 5. The azure dashed line indicates the 
baseline case. 
Figure 2. The spatial variation of the mass density perturbation from 40°N to 90°N at ~400km 
during Substorm 3 by GITM simulation. The grey rings indicate the latitudes at 40°N, 60°N 
80°N. The radial grey lines show each third hour of local time. The substorm epoch time is at a 
10 min cadence from -70 min to 220 min. The sun (12:00 LT) is to the top of each panel. Dawn 
(06:00 LT) is to the right and dusk (18:00 LT) is to the left. The contour of the geomagnetic 
latitudes is shown in the last subplot. 
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Figure 3.  The longitudinal and latitudinal average mass density perturbation during Substorm 3 
by GITM simulation in the auroral zone for four local time sectors: (a) 03:00-09:00 LT, (b) 
09:00-15:00 LT, (c) 15:00-21:00 LT, (d) 21:00 -03:00 LT. (e) shows the mass density 
perturbation average over the entire the auroral zone and local time sector from 00:00 to 24:00 
LT. The zero vertical dash line indicates the onset of the substorm expansion phase. 
 
Figure 4. The latitude variations of thermospheric mass density perturbation as a function of 
substorm epoch time during Substorm 3 at 03:00 LT. 
Figure 5.  (a, b) The latitude variation of the mass density from the measurement of CHAMP 
satellite normalized to 400 km for one satellite orbit period, and  (c, d) The AE index variation as 
a function of UT during two substorms in Oct 4, 2003. The black lines show the variation of the 
density (top pannels) and AE index (bottom pannels) before the substorm onset. The purple and 
red lines are times during the substorm and the yellow lines indicate times after the substorm. 
Figure 6. The variation of the zonal and latitudinal average mass density perturbation over the 
entire auroral zone during Substorm 1 (black), Substorm 2 (blue), Substorm 3 (red), Substorm 4 
(purple) and Substorm 5 (green) as a function of substorm epoch time. The zero vertical dash 
line indicates the substorm expansion phase onset. 
Figure 7.  (a-e) The zonal and latitudinal average mass density perturbation over the entire 
auroral zone for Substorm 1-5 with four runs: Run 1 (red dotted): density perturbation includes 
both HP and Bz variation, Run 2 (blue): density perturbation due to HP variation only, Run 3 
(black): density perturbation due to Bz variation only, Run 4 (green): the sum of the density 
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perturbation of Run 2 and Run 3. (f) the non-linear of mass density response to different energy 
input for substorm 1-5. 
Figure 8.  The hemispheric total energy and the globally integrated Joule heating total energy 
(GWh) during Substorm 3 at 400 km. 
Figure 9. The globally integrated Joule heating energy and hemisphere power enhancement 
(GWh) with the associated maximum zonal and meridional mean mass density perturbation in 
the auroral zone (65° N to 75° N) at 150 km (black), 200 km (blue), 300 km (red) and 400 km 
(green) during Substorm 1-5.  The five dots at each altitude indicate Substorm 1 to Substorm 5. 
Subplot (a) is for the substorms with HP variation only, (b) is for the substorms with IMF Bz 
variation only, (c) is for the substorms with both HP and IMF Bz variation included. 
Figure 10.  The altitude variations of (a) the temperature enhancement (K), (b) mass density 
perturbation (%), (c) Joule heating energy enhancement (W/m3), (d) neutral gas heating rate 
enhancement (K/s), (e) auroral heating rate enhancement (K/s) and (f) chemical heating rate 
enhancement (K/s) averaged over the entire auroral zone as a function of the substorm epoch 
time during Substorm 3. 
Figure 11.  (a) The mean temperature enhancement, (b) the upper atmosphere total heating and 
cooling rate variations over the entire auroral zone at 150  (black) and 500 (red) km as a function 
of the substorm epoch time during Substorm 3. 
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